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Preface 
The presented results of this thesis were obtained since October 1, 2009 during my 
Ph. D. study at the Institute of Physical Chemistry and Electrochemistry at the Gottfried 
Wilhelm Leibniz Universität Hannover under the supervision of Prof. Dr. Jürgen Caro. 
In this period, I have also been a scientific co-worker and worked for the European 
project NEXT – GTL (Innovative catalytic technologies & materials for next gas to 
liquid processes). 
Five research articles in which I have been the first author or the co-author are 
presented within this thesis. The following statement will point out my contribution to 
the articles collected in this thesis. For all these articles, I would like to acknowledge the 
fruitful discussions and valuable comments from the co-authors and referees, 
particularly from Prof. Dr. J. Caro, Prof. Dr. A. Feldhoff, Dr. H.Q. Jiang, Dr. H.X. Luo 
and M.Sc. K. Partovi. 
Two articles, Phase stability and permeation behavior of a dead-end 
Ba0.5Sr0.5Co0.8Fe0.2O3-  tube membrane in high-purity oxygen production and 
High-purity oxygen production by a dead-end Ba0.5Sr0.5Co0.8Fe0.2O3- tube membrane, 
are collected in Chapter 2. I wrote the first draft of those articles and got support on the 
manuscripts preparation from all the co-authors, especially from Prof. Dr. J. Caro, Prof. 
Dr. A. Feldhoff and Dr. H.Q. Jiang. The measurements of oxygen permeation and SEM, 
EDXS characterizations were mainly completed by myself. The dead-end BSCF tubes 
were produced by Dr. R. Kriegel from the Fraunhofer Institute IKTS 
Dresden/Hermsdorf (Germany). (HR)TEM, HAAD, EELS and SEAD characterizations 
and data interpretation were done by Prof. Dr. A. Feldhoff. Dr. H.X. Luo also gave 
many valuable suggestions to improve it. 
The article, High-Purity Oxygen Production Using Perovskite Hollow Fiber 
Membranes, was written by me. Prof. Dr. J. Caro and Dr. H.Q. Jiang improved it. The 
dense hollow fiber membranes BaCoxFeyZr1-x-yO3-δ were provided by Dr. T. Schiestel 
from the Fraunhofer Institute of Interfacial Engineering and Biotechnology (IGB) in 
Stuttgart. All the measurements, calculations and interpretation were mainly carried out 
by myself. Additionally, I obtained support on the manuscript preparation from all 
co-authors. 
 II 
Another article, B-site La-doped BaFe0.95-xLaxZr0.05O3-δ perovskite-type membranes 
for oxygen separation focusing on novel cobalt-free membranes for oxygen separation 
was collected in Chapter 4. I wrote the first draft and Prof. Dr. J. Caro spent much time 
on correcting and improving it. The BaFe0.95-xLaxZr0.05O3-δ powder was prepared by K. 
Partovi following my idea. All the measurements of oxygen permeation and SEM, 
EDXS characterizations were done by K. Partovi and me together. Dr. H.Q. Jiang and 
Dr. H.X. Luo also gave many valuable suggestions to improve it. 
Another article, A novel cobalt-free noble metal-free oxygen-permeable 
40Pr0.6Sr0.4FeO3-δ - 60Ce0.9Pr0.1O2-δ dual phase membrane was written by my colleague 
Dr. H.X. Luo. My contribution was to carry out oxygen permeation measurements and 
to share experimental knowledge. 
All together, I have developed and investigated four membranes with different 
geometry (disc, tubular and hollow fiber) and chemical composition 
(Ba0.5Sr0.5Co0.8Fe0.2O3-, BaCoxFeyZr1-x-yO3-δ, BaFe0.95-xLaxZr0.05O3-δ, and 
40Pr0.6Sr0.4FeO3-δ - 60Ce0.9Pr0.1O2-δ) for oxygen permeation from air.  
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Abstract 
Oxygen transporting membranes (OTMs), based on mixed electronic and ionic 
conductors of perovskite-type oxides, have promising potential applications for high 
purity oxygen production, in catalytic membrane reactors and as cathodes in solid oxide 
fuel cells (SOFCs). In practice, the oxygen permeability and stability of OTMs under 
harsh operating conditions such as intermediate temperatures, large oxygen partial 
pressure gradients, are crucial for their industrial applications. 
In the chapter 2, phase stability of cobalt-based perovskite-type 
Ba0.5Sr0.5Co0.8Fe0.2O3- (BSCF) membrane for the high-purity oxygen production was 
first investigated. After the identification of stable operation conditions for the BSCF 
membrane, high-purity oxygen was produced from air in a dead-end BSCF tube 
membrane. Good BSCF stability was found when the BSCF membrane was operated at 
temperatures  850 °C and oxygen with a purity of almost 100 vol.% was obtained. 
In the chapter 3, the Zr-doped Ba1-xSrxCo1-yFeyO3-δ (BCFZ) hollow fiber membrane 
with better stability was also investigated for the oxygen production. Compared to the 
conventional disk and tubular membranes, membranes with hollow fiber geometry give 
not only high oxygen permeability but also lower materials costs because of very high 
values of the membrane area per unit volume. A high oxygen purity up to 99.9 vol.% 
and high permeation rates of almost 10 cm
3
(STP)cm
-2
min
-1 
were obtained at 900 °C in a 
150 h operation. 
In the chapter 4, B-site La-doped BaFe0.95-xLaxZr0.05O3-δ (BFLZ) perovskite-type 
oxide was developed as a novel cobalt-free OTM for oxygen separation in the 
intermediate temperature range. It was first time that the introduction of La on the B-site 
of a mixed oxide was successful and stabilized the cubic structure. Stable oxygen 
permeation fluxes of 0.63 and 1.24 cm
3
(STP)min
-1
cm
-2 
were obtained during the 
long-term oxygen permeation operation of the BFLZ (x = 0.04) membrane over 170 h at 
750 and 950 °C, respectively. 
In the last chapter, a novel cobalt-free noble metal-free dual phase OTM with the 
composition 40Pr0.6Sr0.4FeO3–δ - 60Ce0.9Pr0.1O2–δ (40PSFO-60CPO) was studied for 
oxygen permeation using pure He and CO2 as sweep gas and the partial oxidation of 
methane to synthesis gas. 
Keywords: Oxygen transporting membrane, Perovskit, cubic structure, phase 
stability Oxygen permeation. 
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Zusammenfassung 
Sauerstofftransportierende Membranen (OTM) als sowohl Elektronen als auch 
Sauerstoffionen gemischt leitende keramische Materialien haben vielversprechende 
Einsatzmöglichkeiten, z.B. für die Produktion von hochreinem Sauerstoff, in 
katalytischen Membranreaktoren und als Kathoden in Festoxidbrennstoffzellen (SOFC). 
Für die industrielle Praxis werden insbesondere eine hohe Sauerstoffpermeation und die 
Phasenstabilität der OTMs unter rauen Betriebsbedingungen wie z.B. bei hohen und 
mittleren Temperaturen, hohen Sauerstoffpartialdruckgradienten, in Anwesenheit 
reduzierender und reaktiver Gase, die entscheidenden Parametern für ihre erfolgreiche 
Anwendung sein. 
Die Phasenstabilität der kobalthaltigen Perowskitmembran Ba0.5Sr0.5Co0.8Fe0.2O3- 
(BSCF) bei der Herstellung von hochreinem Sauerstoff wurde im Kapitel 2 untersucht. 
Nach der Identifizierung der stabilen Betriebsbedingungen für die BSCF-Membran 
wurde hochreiner Sauerstoff aus Luft mit einer einseitig verschlossenen 
BSCF-Rohrmembran abgetrennt. Wenn die BSCF-Membran bei Temperaturen größer 
als 850 °C betrieben wurde, erwies sie sich als stabil, und Sauerstoff mit einer Reinheit 
von nahezu 100 % wurde erhalten. 
In Kapitel 3 wurden Zr-dotierte Ba1-xSrxCo1-yFeyO3-δ 
(BCFZ)-Hohlfasermembranen für die permeative Sauerstoffherstellung untersucht. 
Verglichen mit den herkömmlichen Scheiben- und Rohrmembranen geben die 
Hohlfasermembranen auf Grund ihrer geringen Wanddicke von < 100 µm nicht nur eine 
hohe Sauerstoffpermeanz sondern auch geringere Materialkosten, weil 
Hohlfasermembran eine hohe Membranfläche pro Volumeneinheit ermöglichen. Eine 
hohe Sauerstoffreinheit bis zu 99,9 % und eine hohe Sauerstoffpermeation von fast 10 
cm
3
(STP)cm
-2
min
-1
 wurden konstant über 150 h bei 900 °C gemessen. 
In Kapitel 4 wurde eine auf der B-Position La-dotierte BaFe0.95-xLaxZr0.05O3-δ 
(BFLZ) Membran als neue kobaltfreie OTM für die Sauerstoff-Trennung im mittleren 
Temperaturbereich entwickelt. Es wurde erstmals gezeigt, dass das relativ große 
La
3+
-Ion auf die B-Position gebracht werden kann und dadurch die kubische Struktur 
stabilisiert. Stabile Sauerstoffpermeationsraten von 0,63 und 1,24 cm
3
(STP)cm
-2
min
-1
 
wurden während der Langzeitpermeation einer BFLZ (x = 0,04)-Membran über 170 h 
bei 750 und 950 °C gemessen. 
In Kapitel 5 wurde eine neue kobaltfreie und edelmetallfreie zweiphasige OTM der 
Zusammensetzung 40Pr0.6Sr0.4FeO3–δ - 60Ce0.9Pr0.1O2–δ (40PSFO-60CPO) entwickelt 
und in der Sauerstoffpermeation sowie partiellen Oxidation von Methan zu Synthesegas 
untersucht. 
Schlagwörter: Sauerstofftransportierende Membran, Perowskit, kubische Struktur, 
Phasenstabilität, Sauerstoffpermeation. 
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1  Introduction 
1.1 Motivation  
Oxygen is the third-largest-volume chemical produced worldwide,
[1]
 and most of 
the industrial applications for oxygen require high-purity oxygen. Depending on the 
amount and the purity of oxygen needed, several techniques are available to separate 
oxygen from air. The cryogenic fractionation technology after Linde can produce pure 
oxygen with oxygen concentration > 99 vol.%. Pressure swing adsorption (PSA)
[2]
 can 
give oxygen with a purity of up to 95-97 vol.%. The membrane technology is also used 
for air-to-oxygen production. Because of the low separation factor, the oxygen 
enrichment of polymeric membranes
[3]
 is of the order of around 50 vol.%. Dense 
perovskite ceramic membranes with mixed oxygen-ionic and electronic conductivity
[4-7]
 
provide a promising way for oxygen production. At high temperatures, 
oxygen-transporting membranes (OTMs) can separate oxygen from air, which is a gas 
mixture containing approximately 78 vol.% N2 and 21 vol.% O2,
[8]
 or from other 
oxygen-containing gases. High-temperature air separation process can be better 
combined with the cycle coal gasification plants and other advanced power generation 
systems. OTMs can theoretically produce oxygen at purities of up to 100 % and are 
believed to possess the potential to reduce by 35 % the cost of high-purity oxygen 
production and 35 – 60 % energy compared to the conventional cryogenic processes.[9] 
Moreover, OTM reactors have been developed for such potential applications as the 
partial oxidation of hydrocarbons,
[10-13]
 the production of hydrogen by thermal water 
splitting in combination with olefin and synthesis gas production,
[14-16]
 and the 
decomposition of nitrogen oxides.
[17, 18]
 
After Teraoka 
[19, 20]
 reported the pioneering papers about oxygen permeation 
through a La1-xAxCo1-yFeyO3- perovskite membrane, in the past few decades, many 
OTMs with high oxygen permeabilities have been developed that are based on mixed 
ionic-electronic conductors (MIEC) solid oxides, such as Ba1-xSrxCo1-yFeyO3-δ,
[21, 22]
 and 
La1-xSrxCo1-yFeyO3-δ, 
[19, 23, 24]
 BaCo0.4Fe0.4Zr0.2O3-,
[25]
 BaCo0.7Fe0.2Ta0.1O3-,
[26]
 
Ba0.5Sr0.5Fe0.9Al0.1O3-,
[27]
 and Ba0.5Sr0.5Fe0.8Cu0.2O3-.
[28]
 In practice, the oxygen 
permeability and stability of OTM under harsh operating conditions such as 
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intermediate temperatures, large oxygen partial pressure gradients, or reducing 
atmospheres, are crucial for their industrial applications. Despite much R&D effort, 
there is still no perovskite-type membrane in industrial application. This lack of 
applications is mainly due to the long-term stability problems of perovskites especially 
at low oxygen partial pressure at the usual operation temperature near 850 °C. Often 
high oxygen fluxes reduce the stability and vice versa. 
Among the OTM materials, the cobalt-based perovskite-type membrane such as 
(LaxSr1-x)(CoyFe1-y)O3-δ or (BaxSr1-x)(CoyFe1-y)O3-δ are often thought to be the most 
promising materials because they show very good oxygen permeability. However, 
Cobalt-based membranes usually have a stability problem under reducing conditions or 
in the intermediate temperature (i.e. approximately 500-850°C) range. 
Ba0.5Sr0.5Co0.8Fe0.2O3- (BSCF) with high oxygen permeability, which assumes a cubic 
perovskite structure, has been regarded as one of the most promising materials for 
oxygen separation from air
[21, 22, 29-31]
 and as cathodes in solid oxide fuel cells 
(SOFCs).
[32]
 Because of the high concentration of the mobile oxygen vacancies in the 
perovskite lattice,
[33]
 BSCF exhibits a very high oxygen-permeation flux over a wide 
temperature range.
[21]
 However, during operation in the intermediate temperature range, 
the oxygen-permeation flux through the BSCF membrane has been observed to decrease, 
which has been attributed in several reports to a partial decomposition of the bulk cubic 
perovskite phase.
[34-39]
 
To improve the stability of the cobalt-based perovskite-type membrane, the 
reducible B-site ions (Co
4+
/Co
3+
, Fe
4+
/Fe
3+
) can be partially substitute by cations with 
constant valence (Ta
5+
, Nb
5+
, Zr
4+
, Al
3+
). Examples are BaCo0.7Fe0.2Ta0.1O3−δ,
[40, 41]
 
Ba1.0Co0.7Fe0.2Nb0.1O3−δ,
[42]
 BaCo0.4Fe0.6−xZrxO3−δ,
[43]
 BaCo0.4Fe0.4ZnxZr0.2-xO3−δ,
[27]
 
La0.3Sr0.7(Fe,Ga)O3−δ,
[44]
 and Sr(Fe,Al)O3−δ.
[45]
 
Another way to solve the stability of the cobalt-based perovskite-type membrane is 
to develop the cobalt-free perovskite-type membrane with high oxygen permeability, 
such as La1−xSrxFeO3−δ,
[46]
 Ba0.3Sr0.7FeO3−δ,
[47]
 BaFe1−yCeyO3−δ,
[48]
 
Ba0.5Sr0.5Fe0.8Zn0.2O3−δ,
[49]
 Ba0.5Sr0.5Fe1-xAlxO3−δ,
[27]
 (Ba0.5Sr0.5)(Fe0.8Cu0.2)O3-δ,
[28]
 
BaFe1−yZryO3−δ,
[50]
 and Ba0.95La0.05FeO3−δ.
[51]
  
An alternative to the signal phase OTMs can be dual phase OTMs. Dual phase 
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OTMs which consist of an oxygen ionic conducting phase and an electronic conducting 
phase in a micro-scale phase mixture are considered to be promising substitutes for the 
single phase MIEC materials. The first generation of dual phase membranes consist of 
noble metal (such as Ag, Pd) powders as electronic and a ceramic particles as ionic 
conductors.
[52-55]
 The second generation consist of two oxides, where one of the oxides 
acts as electron conductor instead of the noble metal.
[56-59]
 At present, the novel 
cobalt-free noble-metal free dual-phase membrane material are attracting much interest 
due to the good phase stability in CO2 and reducing atmospheres, their chemical 
compositions can be tailored according to practical requirements.  
The main aims of this thesis are first to elucidate the reason of phase stability of 
cobalt-based perovskite-type BSCF membrane for the high-purity oxygen production in 
the high temperature and the intermediate temperature rang in the chapter 2. After the 
identification of stable operation conditions for the BSCF membrane, in the second part 
of the this chapter, high-purity oxygen was produced from air in a dead-end BSCF tube 
membrane by using (i) pressurized air/O2-enriched air as feed, (ii) reduced pressure on 
the permeate side, and (iii) a combination of both. In the chapter 3, the Zr-doped BCFZ 
hollow fiber membrane with better stability was also investigated for the oxygen 
production. Compared to the conventional disk and tubular membranes, membranes 
with hollow fiber geometry give not only high oxygen permeability but also lower 
materials costs because of very high values of the membrane area per unit volume. In 
the chapter 4, B-site La-doped BaFe0.95-xLaxZr0.05O3-δ (BFLZ) perovskite-type oxide was 
developed as a novel cobalt-free OTM for oxygen separation in the intermediate 
temperature rang. In the last chapter, a novel cobalt-free noble metal-free dual phase 
oxygen transporting membrane with the composition 40Pr0.6Sr0.4FeO3–δ - 
60Ce0.9Pr0.1O2–δ (40PSFO-60CPO) was studied for oxygen permeation using pure He 
and CO2 as sweep gas and the partial oxidation of methane (POM) to synthesis gas. 
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1.2 Oxygen separation technology  
About 100 Mio tons of oxygen is produced every year from air by different 
separation techniques, and oxygen is used in almost every industrial sector for 
numerous applications.
[60]
 The production of oxygen was based two technical 
approaches, which are cryogenic distillation and non-cryogenic distillation. The 
cryogenic distillation technology is currently the most cost-effective and effective 
process and uses the boiling point differences to separate oxygen from nitrogen and 
other constituents of air at ultra-low-temperature. The cryogenic distillation is typically 
for producing large quantities of oxygen with high recoveries and purities. The 
cryogenic fractionation technology after Linde can produce pure oxygen with an oxygen 
concentration > 99 vol.%. The first patent on cryogenic air separation plant for the 
production of oxygen was issued in 1902, now it is a proven and reliable process 
through continuous technology research and development. Due to the overall 
thermodynamic efficiency of the modern-day cryogenic air separation technology, this 
technique is likely reaching its theoretical limits, the cost of producing oxygen by the 
cryogenic air separation technology are unlikely to get reduced remarkably.
[1]
  
The non-cryogenic distillation involves the pressure swing adsorption (PSA), 
which is based on the adsorption ability differences of gas species using molecular sieve 
adsorption, and the membrane separation process which is based on the difference in 
diffusion rates of gas species. Pressure swing adsorption (PSA) is a common technology. 
Zeolites are typical adsorbent materials in PSA processes for oxygen production. In 
PSA, oxygen is produced by passing air through a vessel containing adsorbent materials. 
PSA can give oxygen with a purity of up to 95-97 vol.%. Bed size is the controlling 
factor in the capital costs due to the cyclic nature of the adsorption process. Since 
production rate depends on the bed volume, capital costs increase linearly as a function 
of production rate compared to cryogenic plants. Efficiency limitations inherent in 
adsorption technology restrict its application to relatively small plants. 
Membrane separation process for production of oxygen is currently using organic 
polymeric hollow-fiber membranes. Due to the smaller size of the oxygen molecule, 
most membrane materials are more permeable to oxygen than to nitrogen. The flux and 
the Selectivity are the two key parameters for the separation process. The O2 
1 Introduction 
5 
concentration in the permeate is typically of the order of 30-50 vol.% under a pressure 
difference of about 10 bar.
[3]
 Carbon dioxide and water usually appear in the permeate 
side, since they are more permeable than oxygen for most polymeric membranes. 
Polymeric membranes allow the production of oxygen enriched air and do not provide 
the separation factor and flux required for economical large-scale production of oxygen. 
OTM produces oxygen by the passage of oxygen ions through the ceramic crystal 
structure. High purity oxygen (theoretically up to 100 %) can be obtained using OTM. 
Oxygen can be separated from air using OTM at high temperatures and pressures with 
high flux and purity in a single-stage operation. The OTM oxygen technology provide a 
radically different approach to producing low-cost, high-purity tonnage oxygen at 
temperatures synergistic with power production and many other oxygen intensive 
applications. If OTM oxygen systems combine cycle coal gasification plants and other 
advanced power generation systems, the cost of large-scale oxygen production from air 
can be reduced by approximately one-third compared to conventional cryogenic air 
separation technologies.
[9]
 
 
1.3 Basic aspects of oxygen transporting membranes  
Recently, oxygen transporting membranes (OTMs) with mixed ionic-electronic 
conductivity are attracting more and more attention as economical, efficient, and 
environment-friendly means to separate oxygen from air or other oxygen-containing 
gases with a high purity of theoretically up to 100 %.
[61, 62]
 If the oxygen partial pressure 
on the two sides of an OTM is different, an oxygen flux is started to compensate this 
difference (see Figure 1.1). It can be seen from Figure 1.1 that the permeation process 
from the high oxygen partial pressure side to the low oxygen partial pressure side 
involves three progressive steps: (1) the conversion of oxygen molecules to oxygen ions 
at the surface of the membrane on air side, (2) the simultaneous bulk diffusion of 
oxygen ion and electron – or in the Kroeger Vink notation – the diffusion of oxygen 
lattice vacancies/electron holes in the bulk phase, and (3) the reformation of oxygen 
molecules after passing through the membrane on the permeate side.
[44, 63]
 The first and 
third steps are usually called surface exchange steps and the second step is called bulk 
diffusion step. Oxygen permeation through an OTM can be limited by bulk diffusion 
1 Introduction 
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limitation, the surface exchange resistance, or both. The slowest step is expected to limit 
the overall oxygen permeation rate. It should be noted that the bulk diffusion will be the 
rate-limiting step rat when the thickness of the membrane is relatively thick. In the case 
that the oxygen ion bulk diffusion is the rate-limiting, the oxygen permeation rate 
through an OTM can be expressed by the Wagner equation (see Eq.  1.3).
[64, 65]
 
 
Figure 1.1 Schematic diagram of oxygen transport through a perovskite membrane.
[66]
 
The molecular oxygen flux through a perovskite OTM is related to the chemical 
potential gradient µ(O2) 
 2
ehO
ehO
2
0
O Oμ
)σ(σσ
)σ(σσ
F)4(z
1
J
2




      (Eq. 1.1) 
F is Faraday constant, O, e and h denote the partial conductivities of oxygen ions, 
electrons, and electron holes, respectively. The chemical potential gradient can be 
expressed by the derivative of the chemical activity of molecular oxygen  
x
)a(Oln
RT)μ(O 22



         (Eq. 1.2) 
where R and T denote the gas constant and temperature, respectively. Assuming 
that both surfaces are in chemical equilibrium with the adjacent gas phases, the surface 
1 Introduction 
7 
oxygen activities can be expressed by the oxygen partial pressures. For the oxygen flux 
through a membrane of thickness L with the oxygen partial pressures '
2O
P  and ''
2O
P  
one obtains 
2
''
O2
'
O2
2
lnd 
σσ
σσ
LF4
RT
J
lnP
lnP elO
elO
22O O
P 


       (Eq. 1.3) 
with summarizing the partial conductivities h and e of the electrons and electron 
holes as electronic partial conductivity el. Assuming that the oxygen ion migration 
governs the bulk transport (el >> o) and the ionic conductivity O depends in an 
exponential way - as it is often experimentally observed – on the oxygen partial 
pressure following the power law nO
0
OO )P(σσ 2 , the integration of Eq. 1.3 gives 
))()((
n
σ
LF4
RT
J '''
0
O
22O 222
n
O
n
O PP 
       (Eq. 1.4) 
For details see. 
[67]
 
However, if the walls of the OTM become sufficiently thin, the rate of surface 
processes (exchange of oxygen with the bulk OTM) gain influence. A characteristic 
membrane thickness Lc can be introduced for which the rate of the surface exchange is 
comparable to the rate of the diffusion-controlled oxygen ion transport through the 
membrane.
[63, 68]
 Depending on the perovskite material under study and on the 
temperature (note that surface exchange and bulk diffusion have different activation 
energies) Lc can be of the order of 0.01-10 mm. That is to say that for membranes 
thinner than Lc there is no linear relationship between the oxygen flux JO2 and the 
reciprocal membrane thickness L
-1
 predicted by the Wagner equation in its usual form 
for bulk diffusion-controlled oxygen transport through an OTM of thickness L.
[63]
. 
Consequently, extremely thin supported perovskite layers often do not show the 
expected high oxygen flux since the surface exchange reaction becomes rate limiting 
rather than the oxygen bulk diffusion.  
However, for mixed oxygen ion – electron conducting materials the surface 
processes can become rate limiting for oxygen transport through the membrane rather 
than bulk diffusion. Under surface reaction we understand the incorporation of oxygen 
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into the lattice (adsorption, dissociation, ionization, incorporation on a lattice vacancy) 
and vice versa on the permeate side. For BCFZ perovskite hollow fiber membrane with 
170 µm wall thickness we found that the main transport mechanism is bulk diffusion 
with a contribution of the surface reaction.
[69]
 From the value of n of Eq. 1.4 the 
rate-limiting step of the oxygen permeation can be identified.
[70, 71]
 For negative values 
of n, the oxygen permeation is dominated by the bulk diffusion, while for n ≥ 0.5 the 
exchange processes at the membrane surfaces can be assumed as rate-limiting. In the 
case of the surface exchange as rate-limiting step, a catalytic coating of the membrane 
can accelerate the oxygen flux. In the Surface Exchange Current Model,
[72]
 JO2 gives a 
linear relationship with 
5.0'5.0'' )/()/(
2222 OOOO
PPPP   if oxygen transport is controlled 
by the surface exchange reaction. In the case of bulk diffusion control, JO2 is a linear 
function of )/ln(
'''
22 OO
PP . However, a reliable way to determine the relative 
contributions of the surface processes and the oxygen bulk diffusion to the oxygen 
transport is the preparation of discs of different thickness. However, this way is time 
consuming it is and experimentally extremely difficult to prepare membranes thinner 
than 0.5 mm but the interesting critical thickness, where the change between bulk 
diffusion and surface exchange takes place, is often found to be around a few hundreds 
µm. 
 
1.4 Structures of oxygen transporting materials  
The most OTM materials presently studied are of perovskite type structure (ABO3), 
also fluorite (AO2),
[73]
 Brownmillerite (A2B2O5),
[74]
 and pyrochlore (A2B2O7)
[75]
 
structures are evaluated, since the latter two show oxygen transport already in the 
undoped formulation.
[76]
 Among these OTM materials, perovskite-type membranes are 
the most studied materials for oxygen separation from air, since it shows high oxygen 
permeation rates at high temperatures. Perovskite-type oxides of the composition ABO3 
can host different cations on the A- and B-sites, where A-cation is occupied the large 
cation (mostly alkaline, alkaline-earth or rare-earth cation) and B-cation is smaller 
cation (mostly transition metals). The perovksite structure can form by a combination of 
ions in different valence state such as A
1+
B
5+
O3, A
2+
B
4+
O3, or A
3+
B
3+
O3. The different 
A-site cation and B-site cation result in different lattice structures. A good benchmark 
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for the calculation of the lattice structure is the tolerance factor t described by 
Goldschmidt.
[77]
 
)(2 OB
OA
rr
rr
t



          (Eq. 1.5) 
where rA, rB, and rO are the ionic radii of the A-site metal ion, the B-site cation, and 
the oxygen ion (1.40 Å), respectively. The cubic perovskite structure can be maintained 
in the case of 0.75 ≤ t ≤ 1.0 (t = 1.0 is ideal cubic perovskite structure).[78] When the 
tolerance factor is t > 1.0, a hexagonal structure tends to form. Furthermore, a 
perovskite-type oxide with cubic structure usually exhibits a higher oxygen 
permeability than those with other structures such as hexagonal, rhombohedral, or 
fluorite structures. The ideal cubic perovskite structure as shown in Figure 1.2, it is 
clearly to visualize the A cation in 12-fold oxygen coordination and the B-cation in 
6-fold oxygen coordination, since the A cations occupy every hole which is created by 8 
BO6 octahedra. The BO6 octahedra in the structure share corners infinitely in all 3 
dimensions. In the ideal cubic perovskite structure, the B-O distance is equal to a/2 (a 
denotes the cubic unit cell parameter) while the A-O distance is 2/a . 
 
Figure 1.2 ABO3 ideal perovskite structure showing oxygen octahedron containing the B ion 
linked through corners to form a tridimensional cubic lattice.
[79]
 
To improve the oxygen permeability or the stability of OTM, the doping method 
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can be used to tailor the physical properties of the oxygen transporting materials 
through formation of non-integral stoichiometry phases or solid solutions by 
homogeneous doping with appropriate elements. ZrO2 is the early and most successful 
example for stabilizing the oxide containing flexible redoxable cations such Co or other 
rare-earth oxides such as Y2O3. The improvement of the stability of the perovskite 
structure by introducing Zr on the B-site was reported by several authors.
[43, 80, 81]
 Tong 
et al. investigated the Zr doped OTM materials of BaCo0.4Fe0.6−xZrxO3−δ, that shows a 
stable and ideal perovskite structure.
[43]
 Yakovlev et al. recommended e.g. to stabilize 
Ba0.5Sr0.5Co0.8Fe0.2O3- (BSCF) by bringing Zr on the B position.
[81]
  
High oxygen conductivity of OTM depends on the structure type, the specific free 
volume of the lattice structure, and the oxygen vacancy concentration, those can be 
adjusted by the doping method. Improving the oxygen vacancy concentration of OMT 
can be doped with the easy redoxable cations, such as Co, Cu, or the cations with low 
valence, such as Al, Y, La, Ce. To satisfy the requirement of electrical neutrality, if 
higher valence cations are being added instead of lower valence cations, oxygen 
vacancy might be formed. The concentration of oxygen vacancy is a function of 
temperature and pressure of their components. Usually, OTM with cubic structure 
exhibits high oxygen permeability since it is isotropic structure with the homogeneous 
distribution of oxygen vacancy. The most OMT are mostly based on BaFeO3-δ oxides. 
However, BaFeO3-δ shows a low oxygen permeability and crystallizes in a hexagonal 
structure because of the ionic radius of Ba
2+
 which is too large to stabilize a cubic 
perovskite structure. The cubic perovskite structure of BaFeO3-δ can be stabilized by (i) 
the partial substitution of the A-site with smaller cations, such as Sr, Ca, La, and Y,
[47, 51]
 
(ii) the partial substitution of the B-site with larger cations, such as Y, Cu, Ni, and Zr,
[50, 
82, 83]
 (iii) the partial substitution of both A- and B-sites by e.g. Y.
[84]
 The partial 
substitution of the A-site with smaller cations can lead to a stabilization of the cubic 
perovskite structure. However, the volume of the cubic unit cell will be reduced which – 
in turn – reduces the oxygen flux. On the other hand, the partial substitution of the 
B-site with larger low-valency cations can result not only in the stabilization of the 
cubic perovskite structure, but can also increase the volume of the cubic unit cell and 
the oxygen vacancy concentration which are beneficial to the oxygen permeation.
[6]
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1.5 Preparation of OTM  
1.5.1 Preparation of single phase OTM 
The oxygen transporting materials can be prepared by numerous methods, such as 
solid state reaction, EDTA-citric acid sol-gel methods, chemical vapor deposition, 
coprecipitation, spray pyrolysis, hydrothermal synthesis, and combustion synthesis. The 
chemical and physical properties an OTM can affect by different preparation method 
which result in significantly microstructures such as grain size and density of 
membranes. In this thesis, four OTMs with different geometries (i.e. 
Ba0.5Sr0.5Co0.8Fe0.2O3- (BSCF) dead-end tube membrane, BaCoxFeyZr1-x-yO3-δ (BCFZ) 
hollow fiber membranes, BaFe0.95-xLaxZr0.05O3-δ (BFLZ) disc membrane and 
40Pr0.6Sr0.4FeO3–δ - 60 Ce0.9Pr0.1O2–δ (40PSFO-60CPO) dual phase disc membrane) 
were prepared by different methods.  
a) Conventional solid state reaction method of BSCF 
 
Figure 1.3 Dead-end BSCF tube membrane with an outer diameter of 1 cm and 1 
mm wall thickness as produced by the Fraunhofer Institute IKTS Dresden/Hermsdorf 
(Germany).  
Among the above methods, the conventional solid state reaction method is the 
most widely used method for preparation of the perovskite-type oxide powders. The 
dead-end BSCF tubes (see Figure 1.3) were produced by the Fraunhofer Institute IKTS 
Dresden/Hermsdorf (Germany).
[85]
 The powder of the BSCF was successfully prepared 
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by the conventional solid state reaction process, with BaCO3, SrCO3, Fe2O3, and Co3O4 
as the raw materials. The components were weight in stoichiometric amount, milled 
together for a few hours and calcined at 1000 °C for 2h. The calcined powders were 
uniaxially pressed into pellets and sintered under ambient pressure in air to become 
gas-tight membrane discs with 10 mm in diameter and 1.0 mm in thickness. The BSCF 
tube membranes with an outer diameter of 10 mm, an inner diameter of 8 mm, and a 
length of 400 mm were manufactured by a phase inversion spinning followed by 
sintering. Then, One end of a BSCF tube and one side of a 1 mm thick BSCF disk were 
grinded to make a flat and even surface. A paste based on copper oxide used as sintering 
aid was screen printed on both surfaces. The screen printed areas were contacted and the 
tube - standing vertical on the plate -  was loaded with a weight of 300 g to support the 
joining which was carried out by a reaction-diffusion sintering at 980 °C with a dwell 
time of two hours as described recently.
[86]
 
b) Preparation of perovskite BCFZ hollow fiber membrane  
 
Figure 1.4 The sintered BCFZ hollow fiber membrane (SEM provided by Prof. Dr. A. 
Feldhoff). 
Dense BCFZ perovskite hollow fiber membranes were manufactured at the Fraunhofer 
Institute for Interfacial Engineering and Biotechnology (IGB) in Stuttgart by a phase 
inversion spinning process followed by high-temperature sintering at 1320 °C.
[87]
 A 
simple hydrolysis of the corresponding metal nitrates by an ammonium hydroxide 
solution was applied to get the precursor BCFZ material. The precursor was mixed with 
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a solution of polysulfone in 1-methyl-2-pyrrolidone and was ball-milled up to 24 h with 
a solid content of 50 - 60 mass %. The slurry was spun through a spinneret and the 
obtained infinite green hollow fiber was cut into 0.5 m long pieces before sintering the 
fiber in a hanging geometry. After sintering at 1300 °C for 5 h, as shown in Figure 1.6, 
the length of the green fiber reduced from 50 cm to ~ 32 cm and the sintered fiber had a 
wall thickness of around 0.17 mm with an outer diameter of 1.10 mm and an inner 
diameter of 0.76 mm, as shown in Figure 1.4.  
c) The EDTA-citric acid sol-gel synthesis of perovskite BFLZ  
 
Figure 1.5 Flow chart of preparation of BFLZ powder with the EDTA-citric acid sol-gel 
method. 
The EDTA-citric acid sol-gel method exhibits a better mixing of the starting 
materials and excellent chemical homogeneity in the final product since it offers control 
at molecular level.
[88, 89]
 BFLZ powders were prepared by this EDTA-citric acid sol-gel 
method, as shown in Figure 1.5, The calculated amounts of Ba(NO3)2, Fe(NO3)3, 
ZrO(NO3)2 and La(NO3)3 in their appropriate stoichiometric ratios were dissolved in an 
aqueous solution, followed by the addition of EDTA and citric acid with the molar ratios 
of EDTA/citric acid/metal cations = 1:1.5:1. The pH value of the solution was adjusted 
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to around 9 by adding NH4OH. The solution was then heated in the temperature range 
of 120 - 150 °C under constant stirring to obtain a dark gel. After the dark gel was burnt 
in a heating mantle, the obtained product was treated at 950 °C for 10 h to obtain BFLZ 
perovskite powder.  The calcined powders were uniaxially pressed into pellets under 
150 kN and sintered under ambient pressure at 1200 °C for 10 h in air to become 
gas-tight membrane discs with 14 mm in diameter and 1.1 mm in thickness. 
1.5.2 Preparation of dual phase oxygen permeable membranes 
  
Figure 1.6 Flow chart for the one-pot one-step preparation of dual phase 40PSFO-60CPO 
membranes by the glycine-nitrate combustion process.
[90]
 
Dual phase oxygen transporting powders can be prepared by a range of methods, 
such as in a simple mixing of the two oxide powders, packing method, loading method, 
and one-pot single-step method.
[91]
 To achieve the high oxygen permeability of the dual 
phase membrane, the dual phase powder should have a small particle size and a low 
degree of agglomeration. The simple mixing of the two oxide powders method as the 
traditional synthesized method often requires several steps and gives the powder with a 
coarse agglomeration.
[92]
 one-pot single-step methods shows a simple synthetic process 
and gives fine and homogeneous powders. One-pot single-step methods include the 
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one-pot single-step EDTA-citric acid process
[58]
 and
 
the
 
one-pot single-step 
glycine-nitrate combustion process (GNP).
[93]
 In this thesis, 40PSFO-60CPO dual phase 
membrane was perparaed by the one-pot single-step GNP.
[90]
 Here, GNP is used to 
rapidly produce complex oxide ceramic powders of uniform composition on an atomic 
scale and fine enough to for sinter to a high density. The process flow chart is shown in 
Figure 1.6. A precursor was prepared by combining glycine and the metal nitrates 
Sr(NO3)2, Fe(NO3)3, Ce(NO3)3 and Pr(NO3)3 in their appropriate stoichiometric ratios in 
an aqueous solution. The molar ratio of glycine : total metal ions was 2 : 1. The 
precursor was stirred and heated at 150 °C in air to evaporate excess water until a 
viscous liquid was obtained. Further heating of the viscous liquid up to 300 °C caused 
the precursor liquid to auto-ignite. Combustion was rapid and self-sustaining, and a 
precursor ash was obtained. For comparison, the single phase Pr0.6Sr0.4FeO3-δ (PSFO) 
and Ce0.9Pr0.1O2-δ (CPO) materials were also prepared via the GNP method. All the 
powders were calcined at 950 
o
C in air for 10 h. The 40PSFO-60CPO powders were 
pressed to disk membranes under a pressure of 5 MPa in a stainless steel module with a 
diameter of 18 mm to get green disk membranes. These green disks were sintered at 
1400 °C in air for 5 h.  
 
1.6 Applications of OTM 
1.6.1 Oxygen production in membrane separator 
Oxygen-transporting membranes (OTMs) can separate oxygen from air, which is a 
gas mixture containing approximately 78 vol.% N2 and 21 vol.% O2,
[8]
 or from other 
oxygen-containing gases. OTMs can theoretically produce oxygen at purities of up to 
100 % and are believed to possess the potential to reduce the cost of high-purity oxygen 
production compared to the conventional cryogenic processes.
[9]
 Moreover, OTM 
reactors have been developed for such potential applications as the partial oxidation of 
hydrocarbons,
[10-13]
 the production of hydrogen by thermal water splitting in 
combination with olefin and synthesis gas production,
[14-16]
 and the decomposition of 
nitrogen oxides.
[17, 18]
 
Oxygen can be separated from air as the cheapest source of oxygen, if the oxygen 
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partial pressure on the feed side of the OTM is higher than that on the permeate side. 
This difference in the oxygen partial pressures can be achieved (i) by using sweep gases 
like steam, which can be easily separated from the permeated oxygen by 
condensation,
[94]
 (ii) by using vacuum pumps to drain off the permeated oxygen, (iii) by 
pressurized air on the feed side of the OTM having pure oxygen on the permeate side at 
atmospheric pressure,
[95]
 or (iv) by combining of the pumping on the permeated side 
and having pressurized air on the feed side.
[31, 96, 97]
 
 
Figure 1.7 Schematic equipment for oxygen permeation in this work.
[98]
 
So far, mainly relative thick disk-shaped membranes with a limited membrane area 
were studied because disks can be easily fabricated by a conventional pressing method. 
Although a multiple planar stack can be adopted to enlarge the membrane area to an 
industry-relevant scale, many problems, such as the high-temperature sealing and the 
pressure resistance, have to be faced.
[99]
 Tubular membranes with diameters in the 
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centimeter range with thick walls were developed to reduce the engineering difficulties, 
especially the problems associated with the high-temperature sealing.
[100]
 Oxygen 
permeation by using disc membrane in this thesis was studied in a home-made 
high-temperature oxygen permeation device, as shown in Figure 1.7. The disc 
membranes were sealed onto an alumina tube with a gold paste (Heraeus, Germany) at 
950 
o
C for 5 h. The feed side was fed with synthetic air (20 vol.% O2 / 80 vol.% N2), 
whereas Ne (99.995%) and He (99.995%) were fed to the sweep side. All gas flows 
were controlled by mass flow controllers (Bronkhorst, Germany) and all flow rates were 
regularly calibrated by using a bubble flow meter. The concentrations of the gases at the 
exit of the reactor were analyzed by an on-line gas chromatograph (Agilent 7890A) with 
a Molsieve 5A column. The total flow rate of the effluents on the permeate side was 
calculated by using Ne as an internal standard. The total O2 leakage was calculated and 
subtracted from the total O2 flux after the N2 concentration was measured. It is assumed 
that the leaking of nitrogen and oxygen is in accordance with a Knudsen diffusion 
mechanism. The fluxes of leaked nitrogen and oxygen are related by Eq. 1.6. 
2
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        (Eq. 1.6) 
where Dk is the Knudsen diffusion factor, 
2O
C , and 
2N
C  are the oxygen and 
nitrogen concentrations in the feed gas, respectively. 
The oxygen permeation flux JO2 (cm
3
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-1
 cm
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) was then calculated by Eq. 
1.7. 
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Here, 
2O
C , and 
2N
C  are the oxygen and nitrogen concentrations determined by a 
calibrated gas chromatograph. F is the total flow rate at the outlet on the permeate/core 
side, and S is the effective surface for permeation. 
The oxygen recovery has been calculated by  
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         (Eq. 1.8) 
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with FO2
 
as oxygen permeation flow rate, 
2O
C  the oxygen concentration in vol.% 
and Fair,inlet  as air flow rate at the inlet of the feed/shell side. 
Tubular membranes were developed to reduce the engineering difficulties, 
especially the problem of the high temperature sealing. Moreover, the surface area of a 
tubular membrane can be produces lager than that of disc membrane and gives good 
mechanic stability. However, their small surface area to volume ratio and their relatively 
thick walls lead to a low oxygen flux and make them unfavorable in practice. In this 
thesis, A BSCF dead-end membrane was used for oxygen production in a dead-end 
membrane permeator as shown in Figure 1.8.
[31, 36]
 A stream of air, as a nitrogen/oxygen 
mixture, is supplied from the left to the dead end of the tube and leaves the setup as 
oxygen-depleted air. Oxygen permeates the MIEC tube walls via a flux of oxygen 
anions, which is accompanied by counter flowing electrons. Permeated oxygen leaves 
the setup to the right via the interior of the tube to the right. In the experiment, parts of 
the tube membrane were coated by a gold paste (Heraeus), except the 3 cm part near the 
dead end. The tube segment was painted by the Au paste, which then was sintered at 
950 °C for 5 h. This procedure was applied threefold to obtain a dense gold film, which 
the oxygen cannot permeate. Inspection by light microscope of the gold sealing after 
long-term permeation experiment revealed a still hole- and crack-free dense layer. This 
is consistent with the good compatibility of gold sealant with perovskite membrane as 
reported by Tong et al.
35
 for 2000 h long high-temperature experiments. The uncoated 
part of our tube with an effective membrane area of 9.1 cm
2
 for the outer membrane 
surface was placed in the middle of the oven, thus ensuring isothermal conditions. 
Oxygen-enriched air with 50 vol.% O2 at an elevated pressure of 5 bar was fed at a rate 
of 500 cm
3
(STP)min
-1
 to the feed side. Flow rates were controlled by gas mass-flow 
controllers (Bronkhorst). High-purity oxygen was produced at approximately 0.1 bar on 
the core/permeate side. This reduced pressure was achieved with a vacuum pump 
(Pfeiffer vacuum MVP 015-4). The flow of the outlet on the core/permeate side was 
mixed with neon (1.0 cm
3
(STP)min
-1
, 99.995%) as an internal standardization gas, 
which allowed the determination of the absolute flux of the permeate gas by an on-line 
coupled gas chromatograph (Agilent 7890A) that was equipped with a Carboxen 1000 
column. 
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Figure 1.8 Permeator 2 in dead-end geometry for the production of pure O2. 
Compared to the disk and tubular membranes, hollow fiber membranes possess 
much larger membrane area per unit volume for oxygen permeation.
[101]
 By keeping the 
two sealed ends outside the high temperature zone, polymer O-rings can be used. 
Furthermore, the resistance of the hollow-fiber membrane as a full material (i.e. 
non-supported) to oxygen permeation is very much reduced due to the thin wall as it is 
the case for supported thin perovskite films. Due to the thin wall, the materials costs of 
the hollow fiber membrane are reduced.  
 
Figure 1.9 Permeator 1 in flow-through geometry for the production of O2–enriched air.
[96]
 
A hollow fiber membrane with the composition of BCFZ was used for the production of 
O2-enriched air and of high-purity oxygen in a in a flow-through permeator  and a 
dead-end membrane permeator, as shown in Figure 1.9 and Figure 1.10.
[96]
 Figure 1.9 
shows schematically the flow-through membrane permeators 1 used for the production 
of O2-enriched air. The fibers used here had a length of 30 cm. The two ends of the 
BCFZ hollow fiber membrane were sealed by two silicone rubber rings outside the oven. 
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Synthetic air (O2 concentration 20 vol.%) was fed to the shell side and another flow of 
synthetic air was sent through the core side at different flow rates (25-75 cm
3
 min
-1
). 
The reduced pressure on the core/permeate side of the hollow fiber membrane was kept 
at about 0.12 bar by connection to an oil-free diaphragm vacuum pump (Pfeiffer 
vacuum MVP 015-4). Due to the difference in the oxygen partial pressure between shell 
and core side, oxygen from the shell side permeates through the hollow fiber membrane 
to the core side and mixes there with air, thus forming O2-enriched air.  
 
Figure 1.10 Permeator 2 in dead-end geometry for the production of pure O2.
[96]
  
Figure 1.10 presents the dead-end membrane permeator 2 used for the production 
of pure oxygen. The dead-end hollow fiber membrane is obtained by sealing one end of 
the BCFZ hollow fiber with a gold plug using Au paste (Hereaus, sintering the gold 
paste at 950 
o
C to make it gastight). The dead-end BCFZ hollow fiber was coated by 
dense gold film except the 3-cm part close to the end with gold-plug. The uncoated part 
(3 cm, effective membrane area: 0.86 cm
2
) of the hollow fiber was put in the middle of 
the oven thus ensuring isothermal conditions. Synthetic air or oxygen enriched air at 
atmospheric or elevated pressures (1 – 5 bar) were fed to the shell/feed side. On the core 
side, high-purity oxygen was produced at about 0.05 bar. This reduced pressure on the 
core side was achieved with a vacuum pump (Pfeiffer vacuum MVP 015-4). 
In recent years, many perovskite hollow fiber membranes have been successfully 
prepared by a phase-inversion/sintering process 
[87, 101-103]
.
 
 Compared to other 
configurations such as planar or tubular membranes, the hollow fiber membranes can 
provide a much larger area per unit volume. Thus it is possible to reduce the membrane 
system size remarkably. Furthermore, the hollow fiber OTM can solve the problem of 
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the high-temperature sealing in fabricating membrane modules.
[104]
 Recently, Tan et 
al.
[105]
 investigated the pilot-scale production of oxygen from air using perovskite 
La0.6Sr0.4Co0.2Fe0.8O3− hollow fiber membranes. The separation performances, stability, 
scaling up effect and the energy consumption of an OTM system prepared 889 one 
dead-end hollow fiber have been investigated both theoretically and experimentally. 3.1 
L (STP) min
−1
 oxygen with the purity of 99.9 % was obtained in the OTM system at 
1070 
◦
C. 
1.6.2 Partial oxidation of methane (POM) to synthesis gas  
Synthesis gas (CO + H2) is required for wide industrial processes, such as methanol 
or Fischer-Tropsch synthesis. Syngas can be produced by several ways e.g. by the 
catalytic partial oxidation (POM) (see Eq. 1.9) or the classical catalyticsteam reforming 
(SR) (see Eq. 1.10). 
    (Eq.1.9) 
    (Eq. 1.10) 
Compared with the recently main technology SR, the POM using OTM reactor to 
product synthesis gas has several potential advantages. Syngas production costs can be 
potentially reduced by integration the oxygen separation and POM in a membrane 
reactor. Furthermore, only the oxygen from air can be transported through the 
membrane to the reaction side, where it reacts with the methane to N2-free syngas, the 
downstream requirements cannot tolerate the presence of N2. Moreover, compared to 
steam reforming, a great advantage of the POM is a lower H2/CO ratio of 2 (instead of 
3), which is optimum for methanol synthesis or the Fischer-Tropsch process.  
A number of single phase cobalt-containing perovskite-type membranes with a 
high oxygen permeation rate were reported to be successfully used in POM to synthesis 
gas.
[7, 10, 106-108]
 However, these cobalt-containing perovskite membranes exhibit poor 
phase stability under a reducing environment.
 
To improve the membrane stability, 
several concepts are being followed such as (i) reducing the relative amount of cobalt in 
the perovskite and co-doping the material with less-reducible metals such as Zr
4+
, Ga
3+
 
or Ta
3+
,
[13, 109, 110]
 (ii) developing new oxygen transporting materials such as cobalt-free 
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OTM and dual phase OTM. Tong et al.
[109]
 reported that syngas production in a 
membrane reactor made of BaCo0.4Fe0.4Zr0.2O3-δ can be operated steadily for more than 
2200 h at 850 
o
C. Zhu et al.
[107]
 developed a membrane reactor made of a cobalt-free 
Ba0.15Ce0.85FeO3−δ material to produce syngas from methane. However, after operation 
for 140 h at 850 °C, the used membrane was obtained the decomposition of the 
membrane materials under such conditions. Dual phase membranes
 
have been suggested 
as good substitutes with compositions that can be adjusted according to the practical 
requirements. Recently, many dual phase membranes were developed to the POM 
reaction. Zhu et al. studied a disk-type dual phase membrane reactors based on wt. % 
Sm0.15Ce0.85O1.925 - 25 wt. % Sm0.6Sr0.4Fe1-xAlxO3-δ  (x = 0 or 0.3) for the syngas 
production by POM. They reported that these dual phase reactors can be steadily in the 
POM to syngas generation for more than 1100 h at 950 °C.
[111, 112]
 
1.6.3 Coupling of reactions in an OTM reactor 
 
Figure 1.11 Concept of water splitting and N2O decomposition in an OTM 
reactor.
[113]
  
One of the major advantages of OTM reactors is that two reactions can be coupled 
in one membrane reactor; the products will be kept separated on the two sides of the 
membrane and a subsequent procedure is not necessary to separate the products. If an 
OTM is used to remove O2 as it is generated, the conversion of a reaction can be 
increased. Recently, our group successfully used the single phase perovskite-type BCFZ 
hollow fiber membrane in the equilibrium-limited water splitting and the kinetically 
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controlled N2O decomposition with the coupling POM or the oxidative coupling of 
methane (OCM),
[14-18, 113]
 as shown in Figure 1.11. 
Hydrogen is attracting more and more attention because it is recommend an 
alternative source to fossil fuels to solve the worldwide energy demands and global 
climate change. And water is the ideal source for the generation of large amounts of 
hydrogen. However, the equilibrium constant of water dissociation is very small even at 
a relatively high temperature. If the equilibrium-limited water splitting and POM were 
coupled in an OTM reactor, a high H2 production flux of 3.1 ml/min·cm
2
 was obtained 
at 950 
o
C.
[113]
  
N2O has recently received much attention because it is a greenhouse gas with 310 
times greenhouse effect than CO2. However, the catalytic decomposition of nitrous 
oxide (N2O)
[114-117]
  over perovskite catalysts, most of the catalysts cannot tolerate the 
co-existence of O2 because adsorbed oxygen blocks the catalytically active sites for the 
N2O decomposition.
[117]
 If an OTM is used to remove the inhibitor oxygen from the 
N2O side with coupling POM, the total decomposition of N2O can be obtained in a 
OTM reactor.
[17, 113]
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2 Phase stability and permeation behavior of a 
dead-end Ba0.5Sr0.5Co0.8Fe0.2O3- (BSCF) tube 
membrane 
2.1 Summary 
Among the OTM materials, the perovskite Ba0.5Sr0.5Co0.8Fe0.2O3- (BSCF), which 
has a cubic structure, is one of the most studied materials for oxygen separation from air 
and as cathode in solid-oxide fuel cells due to its high oxygen transport properties. 
Because of the high concentration of the mobile oxygen vacancies in the perovskite 
lattice, BSCF exhibits a very high oxygen-permeation flux over a wide temperature 
range. However, for permeation temperatures below 850 °C, stability problems are 
reported. The structural instability of BSCF is attributed to an unsuitable redox state of 
cobalt that exhibits an ionic radius that is too small to be tolerated by the cubic 
perovskite structure, which then becomes unstable. 
In the first part of this chapter, we will first study the phase stability of BSCF 
membrane in a high-purity oxygen atmosphere as it is present on the permeate side of 
the membrane. The microstructure of a BSCF membrane, which developed during 
operation under a dynamic flow of oxygen in the intermediate temperature (ca. 
500-850 °C) range, were investigated in detail by X-ray diffraction (XRD), Scanning 
electron microscopy (SEM), Energy dispersive X-ray spectroscopy (EDXS), 
Transmission electron microscopy (TEM), Scanning transmission electron microscopy 
(STEM), Selected area electron diffraction (SAED), and Electron energy-loss 
spectroscopy (EELS). At 950 °C, a high oxygen purity of almost 100 vol.% and a stable 
oxygen-permeation flux were observed during the long-term operation for 100 h. 
However, at 750 °C, the oxygen-permeation flux continuously decreases with time, and 
the BSCF tube membrane is structurally unstable. The phase instability of BSCF is due 
to a partial decomposition of the bulk cubic perovskite phase into a hexagonal 
perovskite, Ba0.5±xSr0.5±xCoO3-δ, and a trigonal mixed oxide Ba1-xSrxCo2-yFeyO5-. The 
strong formation of secondary phases at higher local oxygen chemical potentials during 
dynamic oxygen flux suggests that the valence and spin state of the most easy redoxable 
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cation (i.e., cobalt) is the key for an understanding of BSCF’s decomposition in the 
intermediate temperature range. The phase stability of BSCF (i.e., cobalt in the proper 
redox state) can be maintained by operating BSCF membranes in the high-temperature 
regime. 
In the second part of this chapter, after the identification of stable operation 
conditions for the BSCF membrane, pure oxygen will be produced using dead-end 
BSCF tubes in a (i) pressure-driven process, (ii) vacuum process, and (iii) by combining 
both techniques. In all cases, good BSCF stability was found when the BSCF membrane 
was operated at temperatures  850 °C and oxygen with a purity of almost 100 vol.% 
was obtained. It was also found that, for the same oxygen partial pressure difference, the 
oxygen permeation flux in the vacuum process is significantly higher than that in the 
pressure-driven process at all investigated temperatures. Moreover, in all cases, oxygen 
permeation and oxygen ionic conductivity can be described by the Wagner theory for 
bulk diffusion of oxygen ions as rate-limiting step with the logarithmic ratio of the 
oxygen partial pressures on feed and permeate sides as driving force. 
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3 High-purity oxygen production using perovskite 
hollow fiber membranes 
3.1 Summary 
Oxygen transporting membranes can be produced in different geometries by 
different technologies. Usually, the conventional disc membranes are applied for the 
evaluation of the oxygen permeation flux through a perovskite membrane. However, 
because of low oxygen fluxes due to the membrane thickness and limited area, the 
conventional disc membranes are not suitable for practical application. Tubular 
membranes were developed to reduce the engineering difficulties, especially the 
problem of the high temperature sealing. However, their small membrane area per unit 
volume and relatively thick wall limit them in practical application. A hollow fiber 
membrane with a thin wall can solve the above problem. By keeping the two sealed 
ends outside the high temperature zone, polymer O-rings can be used for sealing. 
Compared to the conventional disk and tubular membranes, hollow fiber membranes 
give very high values of the membrane area per unit permeator/reactor volume. 
Furthermore, due to the thin wall, the materials costs of the hollow fiber membranes are 
reduced. 
In this chapter, the production of pure oxygen and O2-enriched air were studied by 
using BaCoxFeyZr1-x-yO3-δ (BCFZ) hollow fiber membranes. In a first step, O2-enriched 
air with an oxygen concentration of 30-50 vol.% is produced in a flow-through 
permeator from 1 bar of air as feed applying a vacuum pump to keep the pressure on the 
O2-enriched air side at about 0.12 bar. This O2-enriched air was used as pressurized feed 
for the production of pure oxygen. In a second step, pure oxygen is produced in a 
dead-end permeator using (i) pressurized air/O2-enriched air as feed, (ii) reduced 
pressure on the permeate side, and (iii) a combination of both. For the effective 
production of oxygen with a high space-time-yield, a two-step-process is proposed. The 
oxygen permeation fluxes increase with increasing temperature, pressure on the feed 
side, and oxygen concentration in the fed O2-enriched air. An oxygen permeation flux of 
10.2 cm
3
(STP) cm
-2
min
-1 
was reached using O2-enriched air with 50 vol.% O2 at 5 bar 
as feed and reduced pressure of 0.05 bar on the permeate side at 900 °C. The reliability 
of the perovskite hollow fiber membrane was tested for 150 h under the conditions of 
0.05 bar on permeate side and an elevated pressure on the feed side at 900 °C. A high 
oxygen purity up to 99.9 vol.% and an oxygen permeation flux of 9.7 
cm
3
(STP)cm
-2
min
-1 
were obtained during 150 h operation. 
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4 Novel cobalt-free membranes BaFe0.95-xLaxZr0.05O3-δ 
(BFLZ) for oxygen separation 
4.1 Summary 
In practice, the oxygen permeability and stability of OTM under harsh operating 
conditions such as intermediate temperatures, large oxygen partial pressure gradients, or 
reducing atmospheres, are crucial for their industrial applications. In the past few 
decades, a large number of cobalt-based perovskite-type membranes with high oxygen 
permeability such as Ba1-xSrxCo1-yFeyO3-δ, and La1-xSrxCo1-yFeyO3-δ have been 
developed. However, due to the toxic and expensive Co, and the structural instability of 
the cobalt-based perovskite-type membranes, which were studied in detail in the chapter 
2, the cobalt-based perovskite-type membranes is very challenging in the industrial 
application. Therefore, the development of cobalt-free perovskite-type oxides is of great 
interest.  
In this capital, we selected La to partially substitute for Fe on the B-site of 
BaFe0.95Zr0.5O3-δ owing to its large ionic radius (La
3+
(VI) = 1.03 Å) and its common 
trivalent oxidation state. The BFLZ materials were characterized by X-ray diffraction 
(XRD), scanning electron microscopy (SEM), and after pressing and sintering as 
membranes which were used for oxygen separation from air. The influence of the partial 
substitution of La for Fe on the B-site of BaFe0.95Zr0.5O3-δ on crystal structure and 
oxygen permeability was investigated. It was found that the highest La content in BFLZ 
for the formation of a pure cubic perovskite structure without any detectable impurities 
is about x = 0.04. For the La content of x = 0.04 with the largest volume of the cubic 
unit cell, the highest oxygen permeation flux with 6.3 and 1.24 cm
3
(STP)·min
-1
cm
-2
 was 
found at 750 and 950 °C, respectively. It follows from XRD that for La contents x > 
0.04 the secondary phase Ba6La2Fe4O15 has been formed in high-La BFLZ (x = 0.05 
and 0.075) materials. Furthermore, the influence of oxygen partial pressures on the 
oxygen permeation flux and the oxygen ionic conductivity can be described with the 
Wagner theory for bulk diffusion of oxygen ions as rate-limiting step for oxygen 
permeation. The result of the long-term oxygen permeability suggests that the BFLZ (x 
= 0.04) membrane exhibits good oxygen permeability and stability, which make this 
material a promising candidate for industrial applications like oxygen separation from 
air and catalytic hydrocarbon partial oxidation. 
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the partial oxidation of methane 
5.1 Summary 
So far, the most studied oxygen-permeable materials are single-phase perovskite 
since these materials possess high oxygen permeability. However, most of these 
perovskite-type materials have stability problems in a low oxygen partial pressure 
atmosphere, and especially in a CO2 containing atmosphere. Dual phase membranes 
which consist of an oxygen ionic conducting phase and an electronic conducting phase 
in a micro-scale phase mixture are considered to be promising substitutes for the single 
phase MIEC (Mixed Ionic Electronic Conductor) membranes. In addition to good phase 
stability in CO2 and reducing atmospheres, their chemical compositions can be tailored 
according to practical requirements.  
In this chapter, a novel cobalt-free noble metal-free dual phase oxygen transporting 
membrane with the composition 40Pr0.6Sr0.4FeO3–δ - 60 Ce0.9Pr0.1O2–δ (40PSFO-60CPO) 
has been developed by using the one-pot one-step glycine-nitrate combustion technique. 
In this dual phase system, CPO is the main phase for ionic transport, and PSFO is the 
main phase for electronic transport. However, the latter phase PSFO also assists the 
ionic transport. In-situ XRD demonstrated that the 40PSFO-60CPO dual phase 
membrane shows a good phase stability not only in air but also in 50 vol.% CO2/50 
vol.% N2 atmosphere. At 950 °C using pure He as sweep gas, a stable oxygen 
permeation flux of 0.26 cm
3
(STP)cm
-2
min
-1 
 is obtained through the 40PSFO-60CPO 
dual phase membrane. Whereas, an oxygen permeation flux of 0.18 cm
3
(STP)cm
-2
min
-1 
 
through the 40PSFO-60CPO dual phase membrane was obtained when using pure CO2 
as sweep gas. The POM to syngas in the 40PSFO-60CPO dual phase reactor was 
successfully performed. Methane conversion was found to be higher than 99.0 % with 
97.0 % CO selectivity, a 4.4 cm
3
(STP)cm
-2
min
-1 
 oxygen permeation flux was obtained 
under a steady state condition at 950 
o
C. XRD indicated that the spent membrane 
operated for 100 h in the POM to synthesis gas retained its dual phase structure, which 
suggests that the 40PSFO-60CPO dual phase membrane is chemically stable under a 
reducing atmosphere.  
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6 Conclusions 
This thesis is dedicated to the development and investigation of four membranes 
with different geometry (disc, tubular and hollow fiber) and different chemical 
composition (Ba0.5Sr0.5Co0.8Fe0.2O3- (BSCF), BaCoxFeyZr1-x-yO3-δ (BCFZ), 
BaFe0.95-xLaxZr0.05O3-δ (BFLZ), and 40Pr0.6Sr0.4FeO3-δ-60Ce0.9Pr0.1O2-δ 
(40PSFO-60CPO)) for oxygen permeation from air. As described in the first part of 
Section 2, phase stability of cobalt-based single phase perovskite-type BSCF membrane 
was first investigated in long-term oxygen production at 950 °C and 750 °C. At 950 °C, 
the BSCF tube membranes exhibit good long-term phase stability and a stable oxygen 
permeation flux. However, at the intermediate temperature of 750 °C, both the oxygen 
permeation flux and the oxygen purity decrease continuously. This behavior is related to 
the formation of two secondary phases that are a hexagonal perovskite, 
Ba0.5±xSr0.5±xCoO3-δ, and a trigonal mixed oxide, Ba1-xSrxCo2-yFeyO5, that evolved in the 
ceramic membrane made of cubic BSCF perovskite during the dynamic flow of oxygen 
through it. In the second part of this Section, after the identification of stable operation 
conditions of BSCF membrane, we studied the oxygen permeation at the temperature of 
950 °C using dead-end BSCF tubes in a (i) pressure-driven process, (ii) vacuum process, 
and (iii) by combining both techniques. In all cases, a high oxygen purity of almost 100 
vol.% can be obtained at operation temperatures  850 °C. 
The second way to improve the stability problem of cobalt-based single phase 
OTM is to bring less reducible metal ion Zr
4+
 on the B position of the perovskite 
structure. As described in Section 3, a Zr-doped BCFZ hollow fiber membrane with 
improved stability was also investigated for the production of O2-enriched air and of 
high-purity oxygen in a flow-through and in a dead-end permeator at high temperatures. 
In a flow-through type permeator, O2-enriched air with an oxygen concentration of 
30-50 vol.% is produced in a flow-through permeator from 1 bar of air as feed applying 
a vacuum pump to keep the pressure on the O2-enriched air side at about 0.12 bar. This 
O2-enriched air was used as pressurized feed in a dead-end type permeator for the 
production of pure oxygen at 0.05 bar. A high oxygen purity up to 99.9 vol.% and an 
oxygen permeation flux of 9.7 cm
3
(STP)cm
-2
min
-1 
were obtained during a 150 h oxygen 
permeation with a feed of 50 vol.% O2-enriched air at 4 bar and reduced pressure of 
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0.05 bar on the permeate side. 
To solve the stability problem of the cobalt-based OTM, cobalt-free OTMs with 
high oxygen permeability were proposed. A Cobalt-free OTM of the composition BFLZ 
with the cubic structure was successfully developed by partial La-substitution for Fe on 
the B-site of BaFe0.95Zr0.5O3-δ. It was for the first time that the introduction of La on the 
B-site of a mixed oxide stabilized the cubic structure. Furthermore, the formation of the 
cubic structure of BFLZ increases significantly the oxygen permeability. The maximum 
oxygen permeation flux is found for a La-content of x = 0.04 with the largest volume of 
the cubic unit cell, reaching 0.63 and 1.24 cm
3
(STP)min
-1
cm
-2
 for a 1.1 mm thick 
membrane at 750 and 950 °C, respectively. This finding is in complete agreement with 
the XRD structure analysis, showing that the highest B-site La-substitution of BFLZ 
under conservation of the pure cubic perovskite phase without forming any foreign 
phase was about x = 0.04. Moreover, stable oxygen permeation fluxes were obtained 
during the long-term oxygen permeation operation of the BFLZ (x = 0.04) membrane 
over 170 h at 750 and 950 °C, respectively. 
Dual phase OTMs can solve not only the problem of the stability but also the 
problem of the carbonate formation of the cobalt-based OTM since that type of OTM 
usually contains alkaline earth metal cations. A novel cobalt-free noble metal-free dual 
phase OTM with the composition 40PSFO-60CPO has been developed. The membrane 
consists of a micro-scale mixture of well-separated PSFO (mixed ion-electron 
conductor) and CPO (oxygen ions conductor) grains forming a percolation network. 
According to its chemical composition, the new 40PSFO-60CPO dual phase membrane 
is CO2-stable. Steady oxygen permeation fluxes of 0.26 and 0.18 cm
3
(STP)min
-1
cm
 
are 
obtained through the 40PSFO-60CPO dual phase membrane using pure He or pure CO2 
as sweep gases at 950 °C. Moreover, the POM to syngas in the 40PSFO-60CPO dual 
phase reactor was successfully performed. Methane conversion was found to be higher 
than 99.0 % with 97.0 % CO selectivity, a 7.8 cm
3
 min
-1
 cm
-2
 oxygen permeation flux 
was obtained under a steady state condition at 950 
o
C. XRD indicated that the spent 
membrane operated for 100 h in the POM to synthesis gas retained its dual phase 
structure, which suggests that the 40PSFO-60CPO dual phase membrane is chemically 
stable under a reducing atmosphere. However, due to the low oxygen permeability of 
the dual phase membrane, the new chemical composition of dual phase membrane 
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needs improvement and should be further investigated. 
In summary, this Ph. D. work presented the OMTs with three different geometries 
(disc, tubular and hollow fiber) for oxygen permeation from air. Compared to the 
conventional disk and tubular membranes, a hollow fiber membrane with a thin wall not 
only gives very high values of the membrane area per unit volume but also reduces the 
materials costs. In addition, the special problem of the high temperature sealing can be 
solved by keeping the two sealed ends of the hollow fiber membrane outside the high 
temperature zone. Thus, hollow fiber membrane is considered as the most promising 
candidate for the industrial application for the high-purity oxygen production and 
catalytic membrane reactors.  
Moreover, according the requirement of the practical industrial application, OMTs 
with different chemical composition should be developed to adapt it. Four OMTs with 
different chemical composition (BSCF, BSFZ, BFLZ, and 40PSFO-60CPO) were 
developed and investigated in this thesis. The cobalt-based BSCF membrane can be 
used for high-purity oxygen production in the high temperature range due to its high 
oxygen transport properties and good phase stability at temperatures  850 °C. BCFZ 
membrane with improved stability in the intermediate temperature (ca. 500-850 °C) 
range can be applied in a wide temperature range. The cobalt-free BFLZ membrane was 
developed for the application in the intermediate temperature range instead of the 
cobalt-based membrane. The cobalt-free BFLZ membrane not only solves the phase 
stability problem of the cobalt-based OTMs, but also reduces the materials costs and the 
environment problem because of the high price and toxicity of cobalt. The dual phase 
40PSFO-60CPO membrane was developed to solve the problem of the carbonate 
formation of the alkaline earth-based OTM in a CO2 containing atmosphere. 
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